Introduction Summary
Peatlands are among the largest long-term soil carbon stores on the globe, but their degradation can lead to significant carbon losses. Therefore, restoration of peatlands has received considerable attention but the impact of revegetation upon critical water quality parameters has not been assessed. In this paper we consider a 5-year study of three restored sites in comparison to both an unrestored, bare peat control and to a vegetated control that did not require restoration. The soil porewater dissolved organic carbon concentration (DOC) was measured (6 replicates) for each restoration treatment and each control. The soil water measurements were made in the context of measuring the depth to water table; soil water pH and conductivity; and DOC concentration in surface runoff for the same restored and control treatment. The studyshowed that the average soil porewater DOC concentration on the restored sites rose significantly over the 5 year study representing a 34% increase relative to the vegetated control and an 11% increase relative to the unrestored, bare control. Soil pore water concentrations were not significantly different from surface runoff DOC concentrations, and therefore restoration as conducted by this study would have contributed to water quality deterioration in the catchment. However, had water table restoration been conducted alongside revegetation then a significant decline in DOC concentrations could have been realised. contamination by consuming free residual chlorine; and can form potentially carcinogenic tri-halomethanes (Condie et al., 1983; Volk et al., 2002) whose concentration in drinking water is limited by law in the UK (Hsu et al., 2001) . The principal cause of concern with regard to DOC and water treatment has been the sustained increases in DOC concentration observed for many catchments across the northern hemisphere (Monteith et al., 2007) . Studies by Mitchell et al. (2008) , Wallage and Holden (2010) and Worrall et al. (2011) discuss plausible mechanisms by which land management practices could contribute to the documented rise in DOC concentrations, including: changes in soil pH; or the amount and nature of water flow brought about by land management. Land management or degradation can more readily be reversed than external drivers such as increases in air temperature, and therefore land management or degradation represents an opportunity to improve water quality in the runoff from peat-covered catchments.
The impact of land management upon DOC concentrations in runoff has been investigated for a number of land management practises on peatlands, including: prescribed burning (Clay et al., 2009a) ; drainage (Gibson et al., 2009 ); drain-blocking (Peacock Peatlands are a key carbon store and an important water source for many countries (Holden et al., 2007) . These environments are in many areas being degraded by a number of processes including: commercial extraction (e.g. Soini et al., 2010) ; atmospheric deposition of pollutants (e.g. Bragazza et al., 2006) ; forestry and drainage (e.g. Joosten, 2009; Martikainen et al., 1995) ; grazing and agriculture (e.g. Vasander et al., 2003) ; and fire (e.g. van der Werf et al., 2010) . These processes and other land management systems have not always been conducive to carbon storage or to increased water quality (Holden et al., 2007) . Of particular concern has been the dissolved organic carbon (DOC) concentration in runoff from peat-covered catchments. Aquatic carbon fluxes can account for 30-50% of net primary productivity (e.g. Nilsson et al., 2008) . Incomplete removal of DOC leads to coloured water which is of low aesthetic quality; it increases the potential for biological et al., 2013); afforestation (Jandl et al., 2007) ; and grazing (Ward et al., 2007) . Land management (e.g. drainage); degradation due internal (e.g. trampling); and external pressures (e.g. climate change) can result in the development of bare soil areas and so restoration in these areas has focused upon revegetation (Reed et al., 2009) . Studies of revegetated peat soils report on many of the components of a peat soil carbon budget. It is not surprising that studies on re-vegetation universally report increased carbon uptake via gross primary productivity (GPP) (e.g. Marinier et al., 2004) , and with increasing GPP increased root respiration would be expected to lead to increased net ecosystem respiration (NER -e.g. Trinder et al., 2008) ; increased root exudation (Freeman et al., 2004) ; stimulating enzymatic decomposition (Shackle et al., 1999) , but still leading to improved net ecosystem exchange (NEE -Dixon et al., 2014) . For methane the authors know of no studies reporting declines in methane flux upon revegetation with most reporting an increase (e.g. Kivimaki et al., 2008) and others reporting no significant change (Keller et al., 2005) . However, re-vegetation does lower the particulate organic carbon flux (POC, e.g. Evans et al., 2006) . The authors know of no studies of the dissolved CO2 budget of re-vegetated areas. Worrall et al. (2011) showed that the carbon sequestration benefit of peatland restoration via revegetation would range between 122 and 833 tonnes C/km 2 /yr. Dissolved organic carbon is a key component of water quality in upland catchments, however, the consequences of revegetation on DOC concentrations are unclear. Authors that have investigated DOC concentrations in revegetated peatlands report a range of behaviour: two report an increase (Trinder et al., 2008; Waddington et al., 2008) ; and two report a decline (Mackay and Tallis, 1995; Strack and Zuback, 2013) . Gough et al. (2012) have found differences between in soil water DOC concentrations and composition between different vegetation types on organic soils (including peats) but could not consider revegetation of bare soil. It is therefore possible to hypothesize that by changing water tables and through increased litter production, or root exudation, that revegetation could lead to net increases or net decreases in DOC concentration in peat-covered catchments. Therefore, the aim of this study was to assess the impact of long term revegetation of bare peat soils on the concentration of DOC within and exported from those soils.
Approach and methodology

Study site
All study sites were selected from across the Bleaklow Plateau in the Peak District National Park (UK national grid ref. SK094961 -N53:27:43 W1:51:33 - Fig. 1 ). The plateau is an area of extensive deep peat with altitudes between 468 and 630 m above sea level, annual average rainfall of 1200 mm, and the range of average monthly air temperatures between 0.6 and 12.4 _C, with August the warmest and February the coldest months on average (Worrall et al., 2011) . Between September 2006 and April 2012, on average, the wettest month was October (118.9 mm), the lowest average monthly rainfall was in February (57.1 mm). The area has been subject to heavy grazing, visitor pressure, wildfires and has a legacy of atmospheric deposition of metals and acids; these factors along with others have led to the extensive gully erosion and dissection of the peat bogs on the plateau (Evans et al., 2006) . In April 2003 the plateau experienced a wildfire over an area of 5.5 km 2 that left the peat soils within the burnt area bare and without vegetation. The area has a history of wildfires and the causes and risks of wildfires in the region are discussed in (Albertson et al., 2009) and the fire properties typical of the region are outlined in Santana and Marrs (2014) . As a result the area has become the focus of extensive revegetation with work on the sites in the study beginning in the summer of 2003 -four years before the start of monitoring. Here we consider the effect of revegetation of wildfire affected sites on the DOC concentration of peatland soils although the sites were also heavily eroded prior to fire and so restoration was also planned to tackle that legacy.
Study sites were chosen to cover the range of restoration types present across the Bleaklow Plateau with two ages since revegetation (1 and 4 years since treatment). The details of the sites are outlined in Table 1 . All the study sites were ombrotrophic, blanket bog systems. The revegetation was conducted using an application of lime and fertiliser treatment in combination with nurse grass seed mixture (Festuca spp., Deschampsia spp. and Agrostis spp.). To stabilise the peat surface heather brash (Calluna vulgaris) was used on flat surfaces while steeper gully slopes were covered with geojute, textile netting. In addition to the restored sites the study included three control sites (Table 1) . One control site was vegetated; had been unaffected by the April 2003 wildfire; and would be acceptable as an endpoint of revegetation -the control site is dominated by Eriophorum spp. (Ne - Table 1 ). The other two controls were bare soil sites affected by the fire (Uf and Ug - Table 1) which have had no restoration treatment and were left as bare peat areas, one gullied (Ug) and the other flat (Uf).
Plot scale measurements
Within each selected site (restored and control) two plots were chosen and the project installed three dipwells in each plot. The equipment allowed for soil water quality and water table measurement to be made in triplicate in each plot and sixfold in each type of restoration or control site. Worrall et al. (2007a) showed that, when considering the effect of rotational heather burning and grazing upon water table and soil water composition, such a design had sufficient statistical power to demonstrate significant differences between management treatments and to measure the size of the effect made by each management technique based upon monthly sampling over one year. Dipwells were sited along semi-stratified transects within each plot with respect to any topography within the plot and given the constraint that none will be sited within 2 m of the edge of any treatment. The dipwells were installed using the same size tubing as the dipwells: this was done so as to remove the minimum amount of peat when installing the dipwells and create the best possible natural seal between the soil and the dipwell. All dipwells were left to settle for at least 1 month prior to any sampling.
All plots were visited and sampled on a monthly basis between November 2006 and January 2012 except for periods when heavy snowfall prevented access (January 08, February 10, December 12) and when no person was available to collect and analyse sample (July 09, September 09, April 10, May 10). The final year of the project (November 2011 to January 2012) included only three months. The final months of the project were included so that adequate winter coverage could be included in the analysis.
The soil water samples do not necessarily represent the DOC concentration that would occur in the streams from the restored plots. Therefore, for the final 15 months of the experiment from November 2010 to January 2012 samples of flowing water (stream runoff samples) were taken for those plots where there was a stream flowing from the sites (Ne, Uf, Ug and R4 - Table 1 ). In addition an automatic water sampler was situated on the stream flowing between the plots of the vegetated control (Ne).
Water analysis
Soil porewater from the dipwells and all stream runoff samples were analysed for pH, conductivity, absorbance at 400, 465 and Table 1 The sites chosen for the study and details of the restoration treatments used on the site.
Si te D es cri pti o n C o ntr ol ty p e Ne R1 R2 R3 R4 Uf Ug 665 nm (Abs400, Abs465 and Abs665) and DOC concentration. All samples were filtered prior to analysis using 0.45 lm syringe filters. The pH and conductivity were measured using electrode methods. Absorbance measurements were taken for a basic colour reading (Thurman, 1985) on a Jenway 6505 spectrophotometer. Concentrations of DOC were measured colourimetrically using the method of Bartlett and Ross (1988) . By measuring both Abs400 and DOC, specific absorbance, i.e. absorbance to carbon ratio, could be evaluated. In addition, the E4/E6 ratio (ratio of Abs465 to Abs665), was calculated on all samples. This ratio can be used to measure the relative proportions of fulvic acid to humic acid in the coloured component of the DOC and also measure the degree of humification (Thurman, 1985) . Chen et al. (1977) have shown that the E4/E6 ratio is mainly governed by the particle size or molecular weight; and is affected by pH. The pH of all water samples was included as a covariate in the analysis. Therefore, this 
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results cannot be used as covariate within the ANOVA because the results are identical for every measurement within each site and different between plots. However, the differences in vegetative community between the sites can be used in explaining any between-site differences observed. Separately, the dominant vegetation type around each dipwell installed to sample the soil water was surveyed with 0.25 m 2 quadrats around each dipwell. Additionally, random quadrat surveys were conducted for each site at the end of the study (April 2012).
Statistical analysis
The sampling survey design implemented in this study represents a factorial approach to the problem of understanding the impact of revegetation on the DOC concentrations in peatlands. This study can be considered as a four-factor experiment. The first factor was the difference between project years, and has six levels. The second factor was the sampling month and had 12 levels -one for each calendar month. The third factor was the difference between sites and had up to six levels -although there were seven sites considered data were always judged relative to one or other control site. Although the final project year contained only three months of data the study was a complete factorial with respect to these three factors and so the effect of year can be judged. However, whenever effect size was judged project year 1 was compared to project year 5 and not project year 6, i.e. the first and last complete years of data were compared. Finally, although the experiment is crossed classified with respect to these factors the difference between dipwells can also be considered but as a nested factor within the site factor. The use of the difference between the dipwells was considered as a nested factor allowed the study to directly assess whether the variation within site was greater than the variation between sites. The study considered, where appropriate, a range of covariates within the analyses. These covariates were: pH, conductivity, and depth to water table and were considered both untransformed and log-transformed. The analysis was performed with and without covariates so as to test whether any differences existed and, if so, whether they could be explained by the available covariate measurements.
This study could not directly consider restoration treatment as a factor because restoration treatment was never repeated between sites, i.e. no combinations of site and treatment were available on the Bleaklow Plateau. Equally, no measurements were made prior to the fire because it could not be known when or where the wildfire would have occurred nor were any measurements made prior to restoration treatment, i.e. any differences identified between sites could be ascribed to pre-existing differences between sites rather than to restoration. Given the necessity of the design how then is it possible to demonstrate the effect of restoration upon DOC concentration? If restoration has had an effect upon DOC concentrations then there would be a significant change over the course of the experiment relative to the controls. Any significant shift relative to the controls can be assessed in several ways. Firstly, the measurements for any month on a restored site can be expressed relative to the average of the same measure for that month from either of the control types considered within the experiment. This relative assessment was performed and analysed in two ways. It was predicted that successful restoration would mean that restored sites become progressively more like vegetated control, i.e. relative values of any measure would become indistinguishable from 1 over time, and so data from treated sites were assessed relative to vegetated controls. Second, successful restoration would mean that restored sites become increasingly less like the bare soil, unrestored controls. Therefore, data from restored sites were also assessed relative to bare soil controls where it was predicted that relative values become progressively different 3581 from 1. Therefore, two sets of ANOVA were performed one relative to the vegetated control (Ne) and one relative to the bare soil controls (Uf and Ug) and each of these ANOVA were considered with and without covariates. Given that in the absence of pre-fire and pre-restoration control then the test of importance will be the interaction between the site and project year factors to see whether this interaction is significant and whether it becomes more or less similar to 1 with time over the project. Thirdly, given that the measure of interest is DOC concentration the aim of restoration must also be to actually lower DOC concentrations and the final assessment is that absolute values become progressively smaller over time.
In addition to testing differences in soil water DOC concentration this study must also consider whether soil water DOC concentrations were related to runoff concentrations for the study sites. An ANOVA was performed in which the following factors could be considered. First, sample type, with two factor levels: either soil water or runoff water. Second, month with 12 levels, one for each month of the year. Third, site, with 4 levels (Ne, Uf, Ug and R4). There was no year factor as the sampling of runoff DOC was conducted only for one year of the overall experiment. Analysis was performed with and without covariates where the covariates were as above except depth to water table could not be included as runoff samples could not be directly associated with a water table measurement. Additionally, a principal component analysis (PCA) was performed using all the runoff water analysis in comparison to all the soil water analyses for all the same sites and over the same period. Principal component analysis was used to identify any possible mixing relationships between the soil and the runoff water. Worrall et al. (2006) have used principal component analysis to identify end members in the composition of soil and runoff water from an English peat bog and found that three end-members described changes in soil and runoff water with two soil water end-members and one runoff water end-member.
The statistical significance of the independent factors and interactions was determined using a general linear modelling approach based on an analysis of variance. The magnitude of the effects, in this case generalised x 2 (Olejnik and Algina, 2003) , of each significant factor and interaction were calculated. Post-hoc testing of the results between factor levels, using Tukey's pairwise comparisons, was conducted to assess where significant differences lie between factor levels. There are several assumptions associated with using the ANOVA approach. Firstly, dataset variation between factors should be homogeneous and the data should be normally distributed, this was tested using Levene's test and the Anderson-Darling test for homogeneity of variance and normality respectively; if either of these tests were failed then the data were log-transformed and the re-tested for normality. Secondly, to avoid type I errors all probability values were given even if significance were assessed at the 95% level. Thirdly, as outlined above the power of the design was not tested in this case the number of replicates and length of study are based upon the design of Worrall et al. (2007a) where the experimental design used in this study was shown to have sufficient statistical power to distinguish between different land managements on peat within one year. Fourthly, the measurements made monthly may not be independent of each other and so invalidate the use of month as a factor. To test this the soil water DOC concentration from each well was considered as a time series using the approach of Worrall and Burt (1998) by which the times was detrended and deseasoned and the residual tested for independence by calculating the best fit AR process up to 5 lags, i.e. testing whether data from any one month for any one dipwell was significantly related to the data from well for up to five months afterwards. A similar argument could be applied to the year factor, but if months are independent of each then it follow that years are and also Worrall et al. (2007b) demonstrated that even after a 1 in 33 summer drought the impact did not persist through the first winter after the drought.
All significance tests were considered at 95% probability of being different from zero (probability of being zero < 0.05) unless otherwise stated. All statistical modelling was performed using Minitab v16 (Minitab ltd, Coventry, UK).
Results
Over the course of the study it was possible to measure the DOC concentration in 1061 samples and the depth to the water table 1676 times. The vegetation and observed data from each site is detailed in Tables 2 and 3 . Compared to the vegetated control (Ne) the restored sites show a considerable difference in water table depths (Fig. 2) with the restored sites and bare soil controls having much deeper water tables and over the five complete years of the study the depth to the water table declined still further for two of the restored sites (R1 and R4) but not for the third (R2). The picture was less clear for soil water pH (Fig. 3 ) with very similar ranges of soil water pH between restored and vegetated controls. Soil water conductivity was larger on the restored sites and on the bare soil controls compared to the vegetated control, and over the five year period soil water conductivity rose at all sites (Fig. 4) . Soil water DOC concentration appears to have been higher on the vegetated control in year 1 of the experiment than all other sites. But DOC rose for all sites over the 5 year period and there were greater rises for restored and bare soil controls than the vegetated controls (Fig. 5 ). Rises were observed for 4 out of the 5 complete years of the study, only in year 4 of the study was a decline observed and that was only relative to year 3.
The data for relative water table, conductivity and DOC concentration (soil and runoff water) all had to be log transformed to meet the requirement of normality for ANOVA: this was not required for relative pH. The time series analysis of the relative soil water DOC concentration for each dipwell showed no significant autoregressive components and so the monthly sampling could be assumed to be independent. Table 3 The 5th to 95th percentile range of the observed data for each restoration treatment and control. The water table could be measured 1604 times for this comparison but no significant difference was found between sites. It should be remembered that it was relative water table depth that was being analysed and so this suggests that water table depth was not different between the restored sites and the bare soil control sites. Equally, by analysing data relative to one of the control sites and siting dipwells to take account of topography differences over time in relative water table cannot be ascribed to topography The lack of a significant site factor does not mean that the sites all have the same depth to water table as the vegetated control furthermore there was no significant interaction between the site and project year (Table 4) implying that relative relationship between the depth to water table on the vegetated control and that on the restored and bare soil control sites did not change with time in the project. The median depth to the water table on the vegetated control was 0.5 cm below surface whereas for the restored sites it was 30.8 cm below the surface and 34.3 cm below the surface for the bare soil controls. The factor which explained the greatest proportion of the original variance was month, i.e. the seasonal variation in the depth to water table was greater than variation between years. The lack of a significant interaction between site and project years shows that there was no significant improvement in the water table of the restored sites relative to the vegetated control over the course of the project. Given the nature of the timing of the monitoring after the inception of restoration it was possible that the impact of restoration occurred before the monitoring started but even so it was not sufficient to restore water table to the values of the vegetated control or to show significant continuing improvement. There were no covariates that could be considered in the analysis of the depth to water table.
For the soil water pH there were 692 measurements that could be compared to the vegetated control. For pH the most important factor was also the difference between months, followed by the site factor and then the difference between project years (Table 4) . There was a significant interaction between site and project year factors but for two of the restored sites (R2 and R4) the soil water pH declined relative to the vegetated control and for one site the soil water pH rose (R1), for the bare soil controls the pH declined relative to the vegetated control. Inclusion of the covariates increased the importance of all the factors explaining the variation in pH but the inclusion of covariates did not change the pattern of the interaction of site and project year factors. In project year 1 the pH of the soil water on the restored sites was on average 3% lower than that on the vegetated control (pH = 4.32 compared to 4.45). In year 1 the restored sites have an average pH 97% of the vegetated control and in year 5 this had increased slightly to 99% of the vegetated control (pH = 4.41 compared to 4.46). For the soil water conductivity there were 686 samples that could be compared to the vegetated control. The proportion of original variance explained by the factors for conductivity was similar to that of pH with a significant interaction between site and project year with the average soil water conductivity of the restored sites being 25% higher than the vegetated control in project year 1 and this difference declined to only 16% greater by project year 5. The median soil water conductivity for the vegetated control was 42.6 lS/cm while for the bare soil controls and restored sites it was 49.9 lS/cm, however, when covariates were included then there was a pattern of significant improvement of conductivity, i.e. the soil water conductivity of the restored sites did become more like the vegetated control over the course of the study.
It was possible to measure the soil water DOC concentration 665 times relative to the values observed for the vegetated control. When ANOVA was performed without the inclusion of covariates then all single factors were found to be significant (Table 4 ). The most important single factor was difference between years with the relative DOC concentration increasing over the study period but with a distinct decline in project year 4 (November 2009 to October 2010). The next most important factor was the month and since this is the relative concentration being considered then a significant difference between months means that the restored and control sites have difference responses across the year but an examination of the main effects plot for the month factor shows no clear seasonal cycle. Dipwell was included as a nested factor within the site factor to test whether intra-site variation was greater than inter-site variation and indeed in this case the amount of the original variance explained by the nested dipwell factor was marginally greater than that due to the site factor (6.8 compared to 6.1% respectively). The site factor shows that all sites had higher soil water DOC concentrations than the vegetated control. There was one significant interaction, that between site and year, and this shows that for none of the sites considered relative to the vegetated control was the value of soil water DOC concentration lower in year 5 or 6 than it was in project year 1. Only in year 4 was a significant decline observed and then only relative to year 3 results but not relative to year 1 results (Fig. 6) . In year 1 the soil water DOC concentration of the sites considered was on average 16% lower than on the vegetated control but in year 5 the average soil water concentration was 52% greater than the vegetated control. When only the restored sites are considered the average change over the period was between 20% less than the vegetated control to 34% greater than the vegetated control.
When covariates were included two covariates were found to be significant -relative water table depth and relative soil water conductivity. For both significant covariates there was a positive correlation with relative DOC concentration, i.e. relative DOC concentration increased with increasing depth of the water table and increasing soil conductivity. Upon inclusion of the covariates into the ANOVA the overall proportion of variance explained increased and in particular the proportion of the variance explained by the site and month factors. Conversely, the proportion of the original variance explained by the year factor decreased. With the inclusion of covariates the importance of intra-site variation increased relative to inter-site variation, i.e. there was a greater variation in DOC concentration within a site when the averaging of water table depths and soil water conductivity within sites was allowed for. Perhaps the most important consequence of including covariates was that the interaction between site and year factors was no longer significant this means that the change in DOC concentration relative to the vegetated control was explained by allowing for changes in water table depth and soil water conductivity.
When considering the entire time series of relative DOC concentration it was possible to calculate the best fit regression equation; lnDOCrel ¼0:00032day ð0:00006Þ
where day = the day number since the start of the experiment (day); condrel = the soil water conductivity relative to that on the Fig. 6 . Box-whisker plot of the soil water DOC concentrations of the restored and bare soil sites relative to the vegetated control for the 5 complete project years. vegetated control (no units); wdrel = the depth to the water table relative to the vegetated control (no units); and m = month number (January = 1 to December = 12). Only variables found to be significant at the 95% probability or greater were included into the above equation and the values in brackets are the standard error in coefficients or constant term.
When individual sites were considered, however, there was no such relationship for R4 or R3, but R2, Uf and Ug had such a significant trend.
The study considered two measures of the DOC composition. For specific absorbance there was no significant difference between sites and no significant interaction between site and project years. The most important factor was the difference between months. The importance of the seasonal cycle in the specific absorbance has been previously demonstrated for soil water DOC (Worrall et al., 2007a) . For the E4/E6 ratio data the most important factor was the difference between project years. There was a significant interaction between site and project year factors observed within the E4/E6 data. On average in project year 1 the E4/E6 ratio on the restored sites was 67% higher than the vegetated control and in project year 5 the restored sites were on average 55% higher than the vegetated control sites.
Restoration relative to bare soil controls
The depth to the water table could be measured 1370 times for this comparison. There was a significant interaction between the site factor and the project year and for all sites, including the vegetated control, the depth to the water table increased over the study relative to the bare soil controls (Table 5 ). The water table was, on average, 9% lower on the restored sites than the bare soil controls after the 5 years.
For soil water, pH was measured 717 times relative to the bare soil controls. There was a significant interaction between site and project factors and for all the restored sites the pH rose relative to the bare soil controls with an average rise of 110% relative to the bare soil controls over the study period. The important thing to note about this relative rise is that soil water pH declined on the bare soil treatments (average decline over 5 years of 0.26, from 4.23 to 3.97) whereas for the restored treatments the pH declined from 4.35 to 4.29 over the same period. When the covariates were included the only significant covariate was the soil water conductivity and upon the inclusion of this as a covariate the interaction between site and project years became insignificant (Table 5) . Therefore it is not surprising that when soil water conductivity was considered, a significant increase was observed for the restored sites relative to the bare soil controls.
The comparison of DOC concentration relative to the bare soil controls could be made 639 times. The ANOVA results show that all single factors were significant when considered without covariates. The single most important factor was month, the difference between experimental months within years. The second most important factor was year, the difference between experimental years. The least important single factor was difference between sites. Again the nested dipwell factor explained a larger proportion of the variance than the site factor showing that intra-site variation was greater than inter-site variation. One interaction was found to be significant, that between site and year (Fig. 7) . Examining the record for each site shows that the average increase in DOC for the restored sties relative to bare soil controls was 11%, there was no change relative to the vegetated control.
When covariates were included, three covariates were found to be significant; relative water table depth, soil water pH and soil water conductivity. The inclusion of covariates leads to an increase in the proportion of variance explained by site, month, year and dipwell factors, but the proportion of the variance explained by Table 5 The results of the ANOVA relative to the bare soil controls. Fig. 7 . Box-whisker plot of the soil water DOC concentrations of the restored sites and bare soil relative to the bare soil controls for the 5 complete project years. the significant interaction between site and project year factors decreased from 25% to 11% and the interaction effect changes dramatically. When covariates were included then the nature of the site factor changed, relative DOC of the restored sites decreased over the course of the project with an average decrease over the study period of 90% relative to the bare soil controls decreases in relative soil water DOC were observed for all sites. The decrease in DOC concentration over the study period when differences in water table, pH and conductivity are accounted for means that if these had been accounted for in the restoration then DOC concentrations would have actually decreased.
Proportion of variance Water
Absolute changes in soil water DOC concentration
The third test used of the data was whether the absolute change in the DOC concentrations of the restored sites would be a decrease over time. However, a simple visual comparison of the data distributions shows that this has not been the case for any of the restored sites (Fig. 5) . In fact the DOC concentration rose for all sites between project year 1 and 5 but the arithmetic mean increase for the vegetated control was 17.2 mg C/l (n = 242) while for restored sites the average (arithmetic mean) increase was 60.7 mg C/l (n = 514) but for bare soil sites it was 90 mg C/l (n = 305). It is possible that this trend is a manifestation of the wider trend in DOC concentrations observed for many sites across the UK and the northern hemisphere (e.g. shown that short-trends (years) can be very different to the long term trend (decades).
Runoff vs. soil water
It was possible to compare 62 stream runoff water samples (47 from Ne, 15 from restored sites) to 155 soil water samples from four sites over 12 months. Visual comparison suggests no difference between the runoff and soil water samples for the restored sties and the bare soil controls (Fig. 8) , there does appear to be a difference for the vegetated control with soil water DOC concentrations higher than runoff concentrations.
It was not necessary to transform the data prior to ANOVA and including covariates into the analysis made no significant difference to the analysis and so covariates were not considered further. In the ANOVA without covariates there were significant effects due to the site and month factors but no significant difference between types of sample, i.e. soil water and runoff water were the same. The mean DOC concentration of runoff samples was 91 ± 8 mg C/l and for soil water the DOC concentration was 105 ± 6 mg C/l with the error given as the standard error in the mean. Therefore, the ANOVA concludes that soil water DOC concentration was directly comparable to runoff water concentrations. These runoff concentrations are higher than might be expected, but it should be emphasised that these were taken in the gullies and channels associated with the plots and so were in close, spatial relationship with the dipwells for the soil water. Furthermore, although it was always running water that was sampled it would have rarely been anything other than baseflow.
The PCA showed that only one component had an eigenvalue (k) greater than one and the first two components explained 83% of the original variance (k = 1.71, 0.79, 0.50; for PC1, PC2 and PC3 respectively, Table 6 ). Both the first two components had strong loadings for DOC, pH and conductivity with the first component describing increases in DOC with increasing conductivity and decreasing pH while the second component has increasing DOC concentration with increasing pH and decreasing conductivity. The critical evidence is that when scores on PC1 and PC2 are plotted for both soil and runoff water samples then the two types of samples plot together and do not form distinct groupings based upon being sampled from runoff or soil water (Fig. 9) . The soil water samples do distribute over a wider range of values than the runoff samples (see Fig. 9 ), but there were more soil water samples than runoff samples and the latter plot in a more restricted space circumscribed by the soil water samples. The main visual trend of the runoff water samples is from low PC1/high PC2 to high PC1/low PC2 and follows a trend in the soil water samples.
Discussion
A possible explanation of the observed differences in soil water DOC is that the observed differences were being driven by differences in the depth to the water table and soil water chemistry (esp. conductivity) that were themselves caused by changes in vegetation but also by incision within eroded peatlands. The average water table position for the vegetated control was 2.7 cm while that for the restored sites was 30 cm. If the DOC concentration in soil water decreases towards the surface then as the average position of the water table rises it is accessing a lower concentration source of DOC. This may not only mean that the surface layers of peat are not good sources of DOC but also that higher in the soil profile the water is more likely to be mixed with rainwater and rainwater has a very low DOC concentration -reported ranges of DOC concentration in rainwater vary from 0.82 to 2 mg C/l (Dawson and Smith, 2007) . Alternatively, the reason for low DOC concentrations higher in the soil profile might be because DOC produced in these layers is more labile. It is also possible that burning could modify the surface properties of the peat by changing porosity (Clay et al., 2009b) or may change the hydrophobicity of the peat (Holden et al., 2014) . This study does not necessarily need to invoke a change in DOC availability up the soil profile but instead invokes a simple mixing approach with a low DOC concentration end-member that represents rainwater and a high concentration DOC end member that represents deep soil water. Evidence for this end-member mixing interpretation comes from the fact that soil water conductivity is a significant covariate for the analyses considered. Deeper soil waters might be expected to have a high conductivity compared to rainwater which may be due to evaporative concentration as water tables decline or due to interaction with water from sub-peat, mineral layers. Therefore, this study would propose that the increases in DOC concentration observed by this study were not due to changes in production or the composition of the DOC rather they were due to changes in hydrology that mean pathways lower in the peat profile come to dominate after the wildfire and that these changes are not reversed by revegetation. Alternatively, the distinct hydrology of the restored sites could have been due to their highly eroded state prior to being de-vegetated by the April 2003 fire. This explanation of the variation in the observed DOC concentrations does not require a difference in DOC composition and indeed this study suggests that specific absorbance follows the DOC concentration. However, the E4/E6 ratio does show significantly higher values for restored sites compared to the vegetated control sites and this difference did decrease over the course of the study.
An alternative explanation is that DOC increases on restored sites is due to the increase in soil water pH. The solubility of DOC increases with increasing pH (Lumsden et al., 2005) and this has been given an explanation for the widespread increases in streamwater DOC concentrations (Evans et al., 2012) . However, in this study there was only a significant relationship compared to bare soil and not relative to the vegetated control. Bare soil soil water pH values decreased at time when DOC concentrations increased.
A number of studies have related DOC concentration in peat soil water to changes in water table depth (Clark et al., 2008) . The blocking of drains in peat soils, as a means of raising water tables, has been extensively studied and the blocking of drains is, of course a means of raising water tables. Upon drain-blocking, Wallage et al. (2006) report a decline in DOC concentrations of surface waters; Worrall et al. (2007a) an increase; and Gibson et al. (2009) no significant change. Armstrong et al. (2010) combines data from an UK-wide survey of blocked and unblocked drains across 32 study sites and intensive monitoring of a peat drain system that has been blocked for seven years and found that water colour and DOC concentration were significantly lower in blocked drains with a mean difference of 28% compared to the open drains. Turner et al. (2013) found a significant decline in DOC concentration upon drain-blocking relative to controls of only 2% but the average change in water table depth across the site upon drainblocking was from only 6 cm depth to 5 cm depth, i.e. a small change in water table gave rise to a small change in DOC concentration. Burning and/or cutting of vegetation on peat soils have also been shown to raise water tables (Clay et al., 2009b) . At the plot scale, Ward et al. (2007) and Clay et al. (2009a) found no significant difference in DOC concentrations in soil waters between burnt and unburnt sites while Worrall et al. (2007a) and Helliwell et al. (2010) showed a significant decrease in DOC concentration in soil water on burnt sites, and Worrall et al. (2013) found a significant decline in DOC in soil water for both the cutting and burning of vegetation. Clay et al. (2009a) was the only study to consider concentrations in surface runoff at the plot scale, and found no significant difference between burnt and unburnt plots. Clay et al. (2012) found no significant change in DOC concentration for burnt plots up to 10 years after burning, but there was a significant increase in water colour for up to 4 years after a plot was burnt. At a catchment-scale, the impact of burning has been observed to have differing effects (Yallop et al., 2008; Yallop and Clutterbuck, 2009; Chapman et al., 2010) . Of course, this study is about the impact of vegetation development, rather than loss and the impact of both the erosive damage after a wildfire and revegetation was to lower the water table. If the observations for the impact of raising water tables in peat by changing management are reversible then the observations of increases in soil water DOC concentration observed here are consistent with changes seen for other managements. Indeed, it should be again noted that when variation due to the effects of the significant covariates (water table and conductivity) were allowed for then soil water DOC concentrations on restored sites were shown to be lower than those on the bare soil controls. Lofgren et al. (2010) when comparing plot scale measurements with catchment scale measurements of DOC for sites undergoing recovery from acidification, found that although there was a consistent response at the plot scale to changing acidification there was not a consistent response at the catchment scale. However, this study shows that soil water DOC concentrations measured for the restored sites were reflected in the runoff concentrations of DOC, and therefore there would have been a worsening of water quality. Furthermore, shifts in DOC composition would have implications for the treatability of the stream water (Sharp et al., 2006) . The study found no shift in specific absorbance but did find a change in E4/E6 with higher E4/E6 on restored sites but the difference between restored and vegetated sites did decrease over the course of the study: higher E4/E6 ratios are associated with greater humic acid content of the DOC and larger molecular weight DOC is more readily removed compared to smaller and more hydrophilic components. The increase in vegetation can result in the increase of associated root exudates (Wallage and Holden, 2010) which could explain the initial increase of in E4/E6. As the vegetation cover increased over the 5 years, there is also increased vegetation litter deposition, allowing the establishment of a litter layer thus increasing the production of more humic DOC components.
The object of restoration in this ecosystem was not predominantly for water quality but to preserve the peat ecosystem and the essence of a functioning peat ecosystem is an environment that is a continuing sink of carbon, not necessarily as a sink of greenhouse gases from the atmosphere. Worrall et al. (2011) estimated for a number of the restored sites considered in this study that the carbon sequestration benefit of peatland restoration would range between 122 and 833 tonnes C km _2 yr
_1
. If the concentrations of DOC in soil water can be taken as representative of runoff water concentrations (e.g. Fig. 9 ) then it may also be the case that DOC export increases upon revegetation and so acting to negate the carbon benefits of revegetation. However, changes in DOC export are not just a matter of changes in concentration but also a matter of changes in the water yield. Revegetation would be expected to decrease water yield over that from bare soil because increased evaporation via transpiration from the plants, and indeed both Waddington et al. (2008) and Strack and Zuback (2013) found that DOC export was higher on the unrestored, cutover peatland compared to restored peatland due to changes in water yield.
Although this study could not comment on the benefit of individual restoration techniques used on the Bleaklow Plateau it was possible, from the ANOVA with covariates, to infer that had water tables been restored at the same time as revegetation, and had they been restored to levels equivalent to those observed on the vegetated controls then DOC concentrations would have actually decreased. This finding is complementary to the finding of Dixon et al. (2014) who showed, on the same sites, that decreasing water table depth would increase the rate of net primary production.
Conclusions
This study considered two tests of the success of revegetation with respect to water quality and showed that relative to the vegetated control (the target of restoration) and the bare soil controls (the pre-restoration situation) the soil water DOC concentration rose. The study has shown that this would lead to an increase in at least the baseflow concentration of DOC from these restored catchments. However, the study shows that for comparable water table depths, soil water pH and conductivity the restoration would have achieved a lower concentration of DOC compared to unrestored sites. This study therefore, suggests that if revegetation were coupled with water table restoration and without liming then decreases in DOC concentration could be achieved.
